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Modern humans have gone through varied processes of genetic adaptations when their ancestors left Africa about 100,000
years ago. The environmental stresses and the social transitions (e.g., emergence of the Neolithic culture) have been acting as
the major selective forces reshaping the genetic make-up of human populations. Genetic adaptations have occurred in many
aspects of human life, including the adaptation to cold climate and high-altitude hypoxia, the improved ability of defending
infectious diseases,and the polished strategy of utilizingnew diet with the advent ofagriculture. At the sametime, the adaptations
once developed during evolution may sometimes generate deleterious eﬀects (e.g., susceptibility to diseases) when facing new
environmental and social changes. The molecular (especially the genome-wide screening of genetic variations) studies in recent
years have detected many genetic variants that show signals of Darwinian positive selection in modern humanpopulations, which
will not only provide a better understanding of human evolutionary history, but also help dissecting the genetic basis of human
complex diseases.
1.OriginsofModernHumans
Two schools holding diﬀerent opinions about where and
when modern humans originated have been debating for
more than two decades. The “Out-of-Africa” hypothesis of
modern human origin was initially proposed in the mid-
1980s [1, 2] by studying the genetic variations of mitochon-
drial DNA (mtDNA), and it was suggested that modern
humans ﬁrst originated in Africa about 200kya (thousand
years ago) then expanded to the other parts of the world
and completely replaced the local archaic populations [3].
On the contrary, the alternative hypothesis of “Multiregional
Origin”, suggested that modern humans were evolved not
only in Africa but also in other continents, for example,
East Asia and Europe independently [4], which explains the
abundant hominid fossils unearthed outside of Africa and
the evolutionary continuity not only in morphological traits
but also in the spatial and temporal distributions [5, 6].
The “Multiregional Origin” hypothesis has been sup-
ported mostly by archeological data, while the “Out-of-
Africa” hypothesis has been supported by both extensive
genetic and archaeological evidence [1, 7–15]. By molecular
dating, the most recent common ancestor of modern
humans emerged only about 100–200kya ago [8, 10, 13, 16–
19], which is consistent with the fossil and culture records of
anatomical modern humans ﬁrstly appearing in Africa about
150–200kya ago [17, 20].
The Old World (including Africa, Europe, and Asia) is
the area where the multiregionalists claimed independent
origins of modern humans [21]. However, besides the
numerous genetic studies on current human populations
worldwide, genetic data from human fossil samples also
supports the “Out-of-Africa” hypothesis. The ancient DNA
analysis implies that Neanderthals is not the ancestor of
modern Europeans, and they have diverged from modern
humans for at least 300Kya [22–24], although a recent study
suggested potential (but rather limited) gene ﬂow between
Neanderthals and modern humans [25].
East Asia is one of the most important regions for study-
ing evolution and genetic diversity of human populations
[26]. A great deal of eﬀorts has been put on the origin of
East Asian using diﬀerent genetic markers. The autosomal
[7, 9, 15, 27], mtDNA (mitochondrial DNA) [13, 28–33]
and Y chromosome [11, 34–38] lines of evidence all support2 International Journal of Evolutionary Biology
an African ancestor of modern humans in East Asia. In
addition, the genetic data also revealed the prehistoric
migratory routes from Africa to East Asia. They ﬁrst reached
thesouthernpart ofEastAsia(mainland SoutheastAsia)[38,
39] then migrated northward to mainland China, Siberia,
andeventuallytoAmerica.Therewasalsoanearlysouthward
migration from mainland Southeast Asia to Australia and
Papua New Guinea [37, 39, 40].
2.PrehistoricMigrationsof Modern
Humansand NaturalSelection
A c c o r d i n gt ot h eg e n e t i cd a t aa sw e l la st h ef o s s i lr e c o r d s ,
the exodus of modern humans from Africa only started
less than 100Kya, initially along the costal line, and then
gradually expanded northward to high-altitude areas in
the northern hemisphere and southward to Australia, and
relatively recently to South America, where they had been
facingdiﬀerentenvironments fromtheirhomeland inAfrica.
Although the origin and expansion of modern humans
is relatively recent, there are extensive variations in modern
human populations in view of phenotypic traits (e.g., skin
color) as well as genetic make-up (e.g., the diverse Y
chromosome haplotypes). At DNA sequence level, most of
the variations are considered neutral, that is, doing neither
good nor bad, but genetic studies in the past ten years have
revealedmany examples ofmolecularadaptations during the
prehistoric migrations of modern human populations when
they encountered new environments and developedadaptive
genetic features through natural selection.
Modern humans have occupied almost all possible
environments globally since exiting Africa about 100Kya.
Both behavioral and biological adaptations have contributed
to their success in surviving the rigors of climatic extremes
including cold, strong UV radiation, and high-altitude, and
soforth.Throughouttheirevolutionaryhistory,humanpop-
ulations have been exposed to myriad pressures from natural
selection.Theconfrontedstresses (selectivepressures) arethe
important factors inﬂuencing the fate of the variations in
the human genetic background. The genetic changes arising
from variable metabolic eﬃciency, resistance to pathogens,
and even the preferences of potential mates, and natural
selection produce the adaptable phenotypic patterns [41].
The process of natural selection induces an increase or
decrease of the frequency of mutations that have an eﬀect
on ﬁtness, and the favored heritable traits become dominant
in successive generations. The advantageous mutations can
rapidly increase in frequency coupled with linked variants
(the hitchhiking eﬀect), due to Darwinian positive selection
[42–45]. Given enough time, an advantageous mutation
eventually would accumulate from a single event to ﬁxation
in human populations. When selection is still ongoing, the
genetic locus under selection is usually polymorphic, that is,
on the way to ﬁxation. In contrast, the deleterious mutations
generally keep low frequencies because of their adverse eﬀect
on ﬁtness. At the same time, both natural selection and
demographichistory can cause thedepartures from a neutral
equilibrium. A rapidly expanding population can result in
frequency increase of rare polymorphisms, but a population
bottleneckwouldcausethelossofrarevariants. Hence,when
detecting the molecular signatures of natural selection, we
need to consider these confounding factors.
Additionally, analyses on the genetic variation among
populations will not only help understand the molecular
mechanism of adaptation, but will also aid in identifying the
diﬀerential susceptibility to diseases, diﬀerential responses
to pharmacological agents, human evolutionary history,
and the complex interactions of genetic variations with
environmental factors.
3.Genetic AdaptationsofModernHumans
During the expansion of modern humans from Africa to
the other parts of the world, they should have confronted
diﬀerent environmental changes, and the external stresses
triggeredtheselectiveeventsduringthecourseofmigrations.
For example, the heat stress had led to the emergence of
hairless skin and more eﬃcient sweating of modern humans,
which was suggested as an adaptive feature for eﬃcient
huntingduringtheearly history ofmodernhumans inAfrica
[46].
At the same time, the environmental UV and the low
temperature (when modern humans migrated to high-
latitude areas) would have imposed additional selection on
the hairless skin [47]. One reported example is the latitude-
dependent distribution of a sequence polymorphism of the
p53 gene. The p53 codon 72 has a common variant from
proline to arginine (p53 Pro72Arg), and p53 Arg72 can
partially escape the negative regulation by iASPP and lead
to a prolonged half life of p53. Hence, p53 Arg72 has more
activity than p53 Pro72 [48, 49]. When our ancestors left
Africa and started to explore northward to high-latitude-
regions, the p53 Arg72 was selected by winter temperature
and enriched in the populations living in the north. The
more active p53is more eﬃcient in regulating processes such
as metabolism (e.g., heat generating) and embryo implanta-
tion,which wouldresultin higherﬁtness levels.Interestingly,
this is only one side of the story. p53 has a major negative
regulator, the MDM2 gene, counteracting with p53 in a “Yin
and Yang” fashion. Mdm2 has a common polymorphism,
MDM2 SNP309 (rs2279744), which is located in the MDM2
promoter sequence. A single-nucleotide change from T to
G creates a binding site for the transcription factor SP1.
As a result, the homozygotes for the G allele express more
Mdm2 mRNA and protein compared to the homozygotes
for the T allele [50]. Population data in both Europe and
East Asia showed that the MDM2 SNP309G/G is selected by
low UV radiation exposure. Migration of modern humans
northwards to lower UV regions requires less p53 in order
to prevent any adverse eﬀects of p53 hyperactivity such as
embryonic death. The higher level of Mdm2 is selected to
counteract the high p53 levels resulting from the positive
selectionofthep53Arg72allele,therebyconferringaselective
advantage. This would prevent an overactive p53 pathway,
while still enabling p53 to function as a tumor suppressor.
The selection ensures the low p53 levels when UV poses
no risk to health and survival and also provides a selec-
tive advantage, adapting to new environments by keepingInternational Journal of Evolutionary Biology 3
the balance between p53 and MDM2. The signature of
positive selection indicates that selection on p53Arg72 and
MDM2SNP309G/Gisstrong, leadingtotherapid formation
of an allele frequency gradient across diﬀerent latitudes. A
well-regulated p53 pathway has been shown to be crucial in
many organisms, notonly fortumorsuppressionbutalso for
properembryonicdevelopmentand inﬂammatory responses
[47].
B e s i d e st h ec l i m a t i cf a c t o r sm o d e r nh u m a n sh a dt oc o p e
with during their expansion, there are other factors, such
as food, life style, and pathogens, which could also provoke
selection. Recently, the genome-wide genetic analyses in East
Asianpopulationshaveindicatedthataconsiderablenumber
of genes have changed signiﬁcantly among clusters that are
involvedin cardiotoxicity,hepatotoxicity,and nephrotoxicity
[51].Thissuggeststhattherehadbeenselectiveforcesdriving
the genes to convey metabolic detoxication to ﬁght with
those toxic substances absorbed from new food.
Food and life styles have inﬂuenced our genetic make-
up, especially during the transition from hunting-gathering
to farming societies during Neolithic time (starting about
10Kya). Several reported good examples include alcohol
drinking, starch-food diet, and milk consumption. The
studies on human ADH (alcohol dehydrogenase) gene
have suggested Darwinian positive selection on the genetic
variation of ADH1B His47 [52–54]. Alcohol consumption
is a recent agriculture-related life style, and the adaptive
s e l e c t i o nh a sb e g u na b o u t1 0K y a[ 55]. One reported study
showed the strikingly high frequency of ADH1Bhis47 in
southeastern China where the earliest rice domestication
originated. Rice has been used as the material to produce
fermented food and beverages for a long time in southern
China since early Neolithic time. The fermentation helps
to preserve and enhance the nutritional value of foods
and beverages. However, alcohol can lead to addiction
and cause damages to human bodies, including nervous
system dysfunction, tumor genesis, innate immune system
modulation, and fetal alcohol syndrome. Therefore, genes
involved in the ethanol metabolic pathway have become
the target of selection when the ethanol-containing food
and beverages had been routinely consumed by Neolithic
populations in southern China. The systemic population
analysis across China indicated that the ADH1B Arg47His
sequence polymorphism is under the selection of alcohol
consumption. The change of amino acid from Arg to
His causes enzymatic activity alteration. The derived allele,
ADH1B∗47His, changes the pKa of the enzyme from 8.5 to
10.0 which is associated with 40-to 100-fold increase in Km
and Vmax of alcohol metabolism. The individuals carrying
the ADH1B∗47His allele can rapidly metabolize the admin-
istered alcohol, therefore, resulting in quick eradication of
ethanol, and therefore lower local exposure. On the other
hand, the rapid eradication of alcohol also leads to the quick
accumulation of aldehyde, the substance which causes ﬂush-
ing when people drink, preventing from overconsumption
and possibly addiction. The ADH1B∗47His is selected by the
ethanol-containingfoodroutinelyconsumed,anditprovides
a mechanism to utilize the beneﬁt of fermented food and at
the same time eliminating the adverse eﬀects of alcohol [55].
The other two well-studied examples are the copy
number variation of amylase gene for starchy food and
the regulatory sequence variations of lactase for milk [56–
58]. Starch consumption is a characteristic of agricultural
societies. This adaptation raises the possibility of selective
pressures on amylase, which is responsible for starch hydrol-
ysis. The higher copy number of the salivary amylase gene
(AMY1) is identiﬁed with positive selection by high-starch
diets [58]. Higher AMY1 copy numbers and protein levels
would improve the digestion ofstarchy foods and may buﬀer
against the ﬁtness-reducing eﬀects of intestinal disease.
Lactase persistence (LP) is the ability to digest milk and
other dairy products at adulthood, which is the acquired
genetic adaptation, independently emerged in northern
Europe and Africa. LP is most common in the nomadic
tribes that practice pastoralism and is rare in the agricultural
populations [59]. The studies indicated that LP is strongly
associated with the T allele at a C/T SNP which is located at
13910bpupstreamfromthelactase gene(LCT)[60, 61].The
T-13910 haplotype in the LCT promoter can enhance gene
transcription [56, 57]. The LCT gene showed the strongest
signal of positive selection in northern Europeans [44, 62].
The SNP T-13910 (rs4988235) is only present in a few
African populations [63–65], suggesting that the T-13910
allele may not contribute to the lactase persistence in most
Africans. A study on a large African population identiﬁed
three SNPs, which are located within 100bp of the European
LP-associated SNP T-13910.They are signiﬁcantly associated
with the LP trait in African populations [66]. SNP C-14010
iscommoninTanzanian andKenyanpastoralistpopulations,
whereas the SNPG-13915 and SNP G-13907 are common in
northern Sudanese and Kenyans. The SNP C-14010, SNP G-
13915, and SNP G-13907 in the LAC promoter can enhance
gene transcription as the SNP T-13910 does in Europeans
[66]. Genotyping across a 3-Mb region in these populations
indicatedthattheAfrican LP-associated variants are diﬀerent
from those in Europeans. This is an example of convergent
and adaptive evolution due to the same selective pressure
of the cattle domestication and adult milk consumption in
Europeans and Africans.
4.AdaptiveEvolutionand Pathogen
ResistanceinModernHumans
An important human adaptation is the ability to taste bitter
compounds. The selective advantage of bitter taste can avoid
ingesting toxic substances in plants. The systematic analysis
of nucleotide and haplotype variations of bitter taste genes
identiﬁed that these genes had been under natural selection
[67]. For example, genetic analyses have detected signatures
of balancing selection at the TAS2R38 locus in continental
populations [68]. It is hypothesized that individuals with a
low sensitivity to the bitter taste of cyanogenic compounds
may have a survival advantage against malarial infection
through a higher intake of these bitter compounds [69, 70],
and the cyanide can inhibit the normal developmentof theP.
falciparum parasite in vitro [71].
In addition, host genetic variation plays a key role
in infectious disease susceptibility of humans. Through4 International Journal of Evolutionary Biology
recurrent exposure to pathogens, the genetic adaptations
evolve to provide resistance on infection, and the immune
systems could be subject to diﬀerent pressures from bacteria,
virus, and other pathogens.
Malaria is a major killer worldwide and its infection is
the strongest selective force in recent human evolution.Most
genetic adaptation to resistant malarial infection has impact
on red blood cells or on immune response. The adaptations
include the hemoglobinopathies gene: α-globin (alpha+ tha-
lassemia), β-globin variants (HbC and HbS), a number of
HLA alleles, and the glucose 6-phosphate dehydrogenase
(G6PD) A allele [72–77]. Common hemoglobinopathies,
sickle cell trait andα+ thalassemia, confer partial resistance
tothefatalforms ofmalaria, which presentsparticularly high
frequencies in the populations of the malaria areas in Africa.
The disorders of hemoglobin structure,α+ thalassemia, can
protect against malaria infection from the transmission
intensity and suggest the selection of theα+ allele by
malaria [73]. Theβ-globin variants, hemoglobin C (HbC;
beta6Glu>Lys) or hemoglobin S (HbS; beta6Glu>Val), can
stimulate a higher immune response against the malaria
antigens, suggesting that both HbC and HbS aﬀect the early
developmentofnaturally acquiredimmunity against malaria
[76].
The human leukocyte antigen (HLA) system is highly
polymorphic among human populations, and the diﬀerent
components of the disease drive the evolutionary selection
on HLA antigens. The selections on a few HLA alleles
associated with resistance to malaria infection have been
found in diﬀerent populations, which have the unique HLA
antigens prevalent in diﬀerent malaria endemic areas. The
HLA allele B∗53 and DRB1∗1302 are resistant to malaria
in Gambia, Africa [78]. The resistant alleles are prevalent
in multiple geographic areas, including the alleles of B∗53,
and A∗2 in Maharashtra, DQB1, 0203, B∗35, and B∗27
in Mumbai, and A∗0211 in New Delhi, India [79–81].
Additionally, the alleles B∗56, DRB1∗1001 and DPB1∗0501
have been found in Thailand, HLA-DQ1∗0502 in Vietnam
and B∗1513 in Malaysia [82–85].
The common polymorphism of G6PD A allele causes
G6PD deﬁciency, which confers resistance to malaria [86–
90]. G6PD A allele is associated with about 50% reduced
risk of severe malaria in female heterozygotes and in
male hemizygotes [91]. The geographical distribution of
G6PD deﬁciency is consistent with evolutionary selection
by malaria [87], and analysis of haplotypic structure at the
G6PD locus supports the recent positive selection of the A
allele [89, 90].
Another well-known example is the recent enrichment
(less than 500 years) of mutations in several HIV-infection
related genes. For example, the Δ32 mutation at the
chemokine receptor 5 (CCR5) gene can defend against HIV
virus infection [92].
5.AdaptiveEvolutionandHuman
ComplexDiseases
Metabolic syndrome (including obesity, Type 2 diabetes,
and hypertension) is one of the major human complex
diseases, and current prevalence of metabolic syndrome
attributes to the evolutionary history of modern humans.
The most well-known theory explaining the prevalence
of metabolic syndrome in modern societies is the “thrift
gene” hypothesis [93]. Before agriculture emerged about
10,000 years ago, modern humans had lived in a life
style of hunting and gathering, which would easily lead
to frequent cycles of feast and famine. Consequently, the
genetic variants had been selected to promote the eﬃ-
cient absorption, storage, and utilization of nutrients in
this environment, that are now maladaptive in modern
civilization, increasing risk for metabolic diseases [94, 95].
For example, obesity is such a serious disease in modern
society, in which agriculture provide exceedingly enough
food to people. The adaptation of the eﬃcient absorption,
storage and utilization of nutrients would now produce side
eﬀect, and it becomes a severe problem to current human
populations.
Salt retention is an adaptive character to ancient humans
living in hot, humid areas, who consumed low levels of
dietary salt [96]. The genetic polymorphisms that promote
salt retention were selected in hot and humid environments,
but now became a risk factor for hypertension. Genetic
adaptations to a low-salt environment in the ancestral
populations have turned into a risk for hypertension
in current populations living in a high-salt environment
[96].
6.AdaptiveEvolutionsunder
ExtremeEnvironments
In the recent 100,000 years, modern humans have occupied
almost all possible environments, and the adaptations have
contributed to their success in surviving the environmental
rigors. Among these environmental stresses, high-altitude
hypoxiaistheonlyconditioninwhich traditionaltechnology
is incapable of mediating its eﬀects. The high-altitude
natives including Tibetans and Andeans have developed
routes to high-altitude adaptation [97]. Tibetans are likely
the most adaptive population for high-altitude hypoxia,
which is reﬂected by the elevated resting ventilation and
low hemoglobin concentration compared to acclimatized
lowlanders. In contrast, Andeans have developed a diﬀerent
strategy by increasing their hemoglobin concentrations and
oxygen saturation [97]. The molecular mechanisms of these
twohigh-altitudeadaptationroutesseemtobediﬀerent[97].
Recent genome-wide genetic studies suggested that the
genes involved in response for hypoxia are under strong
natural selection. EPAS1 and EGLN1,t h et w oh y p o x i a -
related genes, were shown under strong natural selection in
Tibetans, and there are several candidate sequence variations
showing signiﬁcant association with hemoglobin levels [98–
100]. The genetic data suggested that during the long-term
occupation of high-altitude areas, the functional sequence
variations for acquiring biological adaptation to high-
altitude hypoxia have been enriched in Tibetan populations
though the detailed molecular mechanism is yet to be
revealed.International Journal of Evolutionary Biology 5
7.Perspectives
Modern human populations have experienced varied envi-
ronmental and social transitions since they left Africa
about 100Kya. Current proceedings in genetic studies have
revealed that the observed molecular adaptations of modern
human are usually regional events, reﬂecting the history
of encountering diﬀerent environments during the prehis-
toric migrations outside of Africa. At the same time, the
genetic adaptations once developed during evolution may
become deleterious at a later stage with the change of
environments and life styles. With the rapid progress of
genome-sequencing technology, there will be a large quan-
tity of genome-wide variation data across the populations
worldwide. More genetic loci will be identiﬁed contributing
to varied adaptive features of modern human populations,
which will notonlyprovidea betterunderstanding ofhuman
evolutionaryhistory,butwillalsoaidindissectingthegenetic
basis of human complex diseases.
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